This paper presents the design and control of a magnetically suspended ceiling actuator which combines four iron-cored linear actuators and a checkerboard permanent magnet array for an infinite planar stroke. When the actuators are rotated with respect to the PM array, it is shown that the thrust and normal force produced by the three-phase linear actuators can be controlled by applying Park's transformation. The design of the iron-cored linear actuators is optimized for minimum losses when the translator inside the ceiling actuator and a payload are accelerated in the xy-plane. The optimization is performed using an analytical model is. Simulations of the optimized design with a 3D FE-model, show a maximum tracking error of 1 µm and rotations of 30 µrad when the translator is moved and controlled in 6 DOF.
Introduction
Magnetically suspending a planar actuator underneath a stationary frame (ceiling), provides an alternative for xy-positioning systems that are operated in clean rooms. In [1] and [2] , a structure for this so-called ceiling actuator is presented. It consists of four linear actuators which provide single-sided magnetic suspension and planar propulsion of a moving translator. In both papers, the linear actuators are arranged such that two of them generate a thrust force along x and the other two generate a force along y. Additionally, all actuators are also able to actively control the normal (z-) force. By separately exciting the four linear actuators it is possible to control the active magnetic bearing in six degrees-of-freedom (DOF).
In [1] several actuator topologies are compared and it is concluded that a three-phase excited permanent-magnet (PM) actuator with a slotted iron yoke achieves the highest acceleration. By the inclusion of PMs and iron, a passive normal force acts between the translator and the ceiling. This force is used to passively counteract the gravitational force acting on the translator and provide fail-safe operation of the ceiling actuator. The topology comparison in [1] is made for a moving magnet configuration; the linear actuators are fixed to the ceiling and PM arrays for each actuator are attached to the moving translator. In [2] the performance of four slotted linear actuators are analyzed when used in a moving coil configuration; the actuators are moved while the PM arrays are fixed. In [1] and [2] , the planar stroke of the translator is limited because the PM arrays only have an alternating magnetization pattern along one direction. To move the translator over large distances in the xy-plane, a checkerboard PM array has to be employed. Such PM arrays are used in long-stroke magnetically levitated planar actuators [3] [4] . In these ironless actuators, the translator is moved above a stationary frame. In [3] [4] , the planar actuators have long-shaped coils which are rotated 45° with respect to the PM array. Consequently, the individual coils only produce a thrust force along x or y.
In this paper, the translator configuration presented in [2] is combined with such a checkerboard PM array, as shown in Fig. 1 . The three-phase linear actuators with a slotted iron yoke are fixed to a carrier and also rotated with respect to the PM array. The magnets are glued to a nonconducting and nonferromagnetic back-plate. An analytical model is derived to show the working principles of a single linear actuator and optimize its design when it is used in the ceiling actuator. The model and working principles are verified with 3D finite element simulation. Finally, the influence of the force and torque ripples on the position error is analyzed when the optimized design for the ceiling actuator is controlled in 6 DOF. 
Analytical model of a single actuator
For the design of the ceiling actuator as shown in Fig. 1 , an analytical model of a single linear actuator and the checkerboard PM array is required. In the remainder of this section, linear actuator 1 is considered. The leading dimensions are indicated in Fig. 1 
3D magnetic field model Because of the alternating magnetization vector in the xy-plane, the magnetic fields produced by the PM array have to be described in three dimensions. The fields are obtained by modeling the iron yoke as an infinitely permeable and infinitely large plate. End-effects due to finite length of the yoke are, therefore, neglected. The current carrying coils inside the slotted structure of the iron yoke are replaced by infinitely small current sheet on the boundary of the iron yoke at 'z=0 m. The reduced reluctance of the slotted structure is accounted for by scaling the airgap length with Carter's coefficient [5] , which is obtained from as
where g t =p z +h m and γ is given by
As a result, the effective airgap length in the analytical model is calculated according to
(3) The method of imaging is only applied to the iron yoke because the PM array has no back-iron. Although the total magnetic field is the sum of the field produced by the original PM array and its mirror, for the force calculation it is sufficient to describe the magnetic field inside the airgap due to the original PM array alone. Its flux density distribution is described with double Fourier series which contains two harmonic numbers, {i,j}. A more detailed description of this model is given in [3] . For readability, only the flux density distribution of the first harmonic (described in the local coordinate system) is given
(' , )(cos( (' )) cos( (' ))) − + + (5) In (5), B r and µ r are the remanence and the relative permeability of the permanent magnets, respectively, and α=τ m /τ is the magnet to pole pitch ratio.
Force and torque calculation For the force calculation, it is assumed that to the yoke length, L m , and yoke width, L s , are equal to 2τ p n l and 2τ p n s , respectively. n l and n s are integers.
The electromagnetic force produced by the slotted linear actuator is obtained as the Lorentz force acting on the current sheet and its mirror as a result of the magnetic flux density due to the original PM array. It is only calculated on the straight part of the coils inside the slots. The end-windings are ignored in the force calculation. The coils are fed with three-phase currents which are commutated in synchronism with the displacement p x . By applying Park's transformation [6] and considering only the first harmonic of the magnetic field, only an electromagnetic thrust force along x is obtained
where n cp is the number of coils per phase, k is the motor constant, t N is the number of turns per coil, t w is the tooth width and I q is the q-axis currents. Due to the absence of any ferromagnetic material behind the PM array and a low µ r of the magnet material, the same expression for the electromagnetic normal force is obtained. This force component, however, is controlled with the d-axis current, I d .
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The passive normal force between the PM array and the iron yoke is obtained as the reluctance force acting between the original PM array and its mirror. This force is calculated by applying the Maxwell stress tensor at the position of the iron boundary ('z=0 m) and evaluating it over the surface of the yoke ( ) ( )
where B p,{i,j} ('z,p z ) is the peak value of the flux density for each harmonic in the double Fourier series. As a result, the total normal force becomes (6) and (8), the linear actuator in combination with the checkerboard magnet array can be operated in the same way as the linear actuators presented in [1] and [2] (only a varying magnetization vector along the length of the actuator); i.e. the thrust force is linearly controlled with the q-axis current while the normal force linearly depends on the d-axis current.
Due to the simplifications made in this model, it is difficult to correctly calculate the torque produced by the linear actuator. For the optimization it is, therefore, presumed that the forces are produced in the middle of the airgap and in the middle of the xy-plane above the iron yoke. Consequently, the torque acting on the mass center point of the translator is calculated by multiplying the forces with the arms indicated in Fig. 1 .
Flux density inside the iron yoke The electromagnetic forces are only linear with the current when the iron yoke is not saturated. Therefore, a magnetic equivalent circuit (MEC) for the linear actuator is used to limit the flux density inside the various parts of the yoke during the optimization. As will be shown in Section IV, the magnetic field produced by the PM array is very low in the optimized designs of the ceiling actuator. As such, the MEC only calculates the flux density inside the yoke due to the three-phase currents. Moreover, it primarily accounts for the slot leakage because no iron is place behind the PM array. In the MEC 6 parallel reluctances are used inside the slot.
Force and torque decoupling
Because the ceiling actuator is a single-sided active magnetic bearing, all forces and torques acting on the translator have to be controlled with the three-phase currents inside the linear actuators. Using (6) and (8), the total sum of forces and torques produced by all linear actuators can be rewritten as
is the desired wrench vector obtained from a position controller and ,1 is a matrix describing the linear relationship between i and des w . r w is a wrench vector containing the total reluctance force and torque components acting on the translator.
To achieve the desired wrench vector, i has to be solved from (9), giving ( )
is an inverse matrix of ( ) . Therefore, the Moore-Penrose inverse is used since it minimizes the dissipated ohmic losses inside the coils [ 
Design optimization
This section presents the optimization process of the ceiling actuator shown in Fig. 1 . The general structure of the linear actuators is optimized using the analytical model presented in Section II. The end-teeth are designed separately.
Optimization objective
The objective of the optimization process is to minimize the mean ohmic losses dissipated inside the coils when the translator is accelerated in the xy-plane. Iron losses inside the yoke are neglected. The ohmic losses are obtained by solving the currents with (10) and considering only one turn inside each coil (N t =1). For
, where a is the desired acceleration, the mean ohmic losses dissipated in all four linear actuators are obtained as ( )
where m is the translator mass, p f =0.7 is the packing factor of the coils, 8 1.678 10
Ωm is the electrical resistivity of the copper, and V c is the total volume of the coils including the end-windings. δ is the duty cycle which is defined as the amount of time the translator is accelerated over the total amount of time the ceiling actuator is operated.
In (12) the first part inside the brackets can be recognized as the ohmic losses required to suspend the translator, while the second part is the ohmic losses due to the acceleration. The third part is the dissipated losses as a result of torque compensation when the translator is accelerated. It shows that a center point of mass close to the airgap (small r z ) and a large footprint of the translator (large r 1 and r 2 ) is desired for low dissipation. The term in front of the brackets can be recognized as the inverse of the steepness, which is given in (N 2 /W). The design of the ironless planar actuators (F z,r =0 N) as presented in [3] and [4] , is optimized by minimizing the ratio of the mass squared over the steepness. However, this is not possible with the ceiling actuator due to the presence of the reluctance force, F z,r . Moreover, the steepness (which includes the motor constant k) and F z,r are strongly related. Consequently, unlike the ironless planar actuator, the design of the ceiling actuator depends on the desired acceleration in the xy-plane.
After the first optimization step, the end-teeth of the iron yoke are designed for minimum force ripples using a 2D harmonic model which includes the slotting and finite length of the iron yoke [7] . This model only considers an alternating magnetization vector along the length of the linear actuator and, therefore, is not able to correctly calculate the mean thrust and normal force when a checkerboard PM array is used. The ripple forces are obtained when the linear actuator is moved along x and the maximum current is supplied to the q-axis.
Design assumptions and constraints The structure as shown in Fig. 1 will be optimized. A combination of three coils per four magnet poles is selected for a high winding factor. Each linear actuator contains two coils per phase (n cp =2) and the yoke width is equal to 4τ p (n s =2). Although the end-teeth are not optimized in the first optimization step, they are accounted for by an increased yoke length, n l =2n cp +1. The four linear actuators are fixed to a carrier and are placed such that the translator size is 200x200 mm. The translator mass is obtained as m=4m a +m c +m l , where m c =2 kg is the carrier mass and m l =4 kg is the payload mass. The mass of the linear actuators, m a , is determined by the iron yoke (7850 kg/m 3 ) and the copper coils (8900 kg/m 3 ). It is assumed that the mass center point is located 10 mm below the yokes. The yoke will consist of laminations made of M270-35A. Therefore, the flux density inside the yoke is limited to 1.5 T. Finally, h m >4 mm and h y >5 mm for manufacturability.
The desired acceleration is 5 m/s 2 . However, if the design is optimized for this acceleration, the iron yoke will saturate when disturbances have to be compensated for during acceleration of the translator. Therefore, a=7 m/s 2 during the optimization.
Optimization results The optimization is performed with sequential quadratic programming in MATLAB and four designs are shown in Table 1 . The table also shows the optimization variables. Designs 1 and 2,
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Linear Drives for Industry Applications IX respectively, use sintered NdFeB magnet material with a high remanence and plastic bonded NdFeB magnet material with a lower remanence. Table 1 shows that design 1 has higher losses than design 2 due to a lower motor constant. This result is in contradiction with ironless planar actuators, where a magnet grade with high B r is preferred. It is further noticed that the magnetic field produced by the PM array in both designs is low by selecting a relatively large airgap length and minimum magnet height. The reason for this low magnet loading is to reduce F z,r since it quadratically depends on the flux density. As a consequence, k is also small and the dissipated losses are high during acceleration. Designs 1 and 2 have the lowest ohmic losses when the ceiling actuator is continuously accelerated (δ=1). However, at zero acceleration a significant amount of power is dissipated to suspend the translator. In design 3, δ=0.25 to account for a motion profile. This design is almost identical to design 2, except for a different airgap length. In design 3, the larger airgap length results in a lower passive normal force and, hence, in less ohmic losses dissipated for suspension of the translator mass. This drop is larger than the increase of the losses associated with acceleration. The latter increase is caused by a lower motor constant.
Because of mechanical reasons, h g and τ p are fixed in design 4. On one hand, this design results in higher losses when compared to design 3. On the other hand, the coil temperature has decreased because of a larger contact area with the surrounding air. This temperature is estimated when a=5 m/s 2 , δ=0.25, and only natural convection is considered (h conv =15 W/m 2 /K). Choosing a larger τ p would result in an even lower coil temperature but it also results in a translator size larger than 200x200 mm. As shown in the table, designs 1 and 2 have higher losses for the same acceleration and would require additional cooling to reduce the coil temperature.
Finally, a parametric sweep is performed for the design of the end-teeth in design 4. The smallest force ripples are obtained with w t,e =6.8 mm and τ s,e =3.2 mm. This results in L m =116 mm instead of L m =120 mm as assumed in the first step of the optimization.
FE-simulation of a single linear actuator
A single linear actuator based on design 4 in Table 1 has been modeled with 3D Finite Element (FE) analysis. This model has been implemented in Cedrat FLUX3D and used to verify the electromagnetic model and analyze the force and torque ripples. Fig. 2 shows the forces obtained from FE-simulations when this linear actuator is moved along y and the maximum current is applied to the q-axis. It has to be noted that these results are obtained for h g =2.75 mm. The thrust force, F x , is 10% lower than estimated with the analytical model, while the normal force, F z , is 4% higher. F y has a small offset 0.2 N but it has a large ripple of 0.9 N. The same ripple is also present in F z .
The stack width of design 4 is equal to 4τ p =48 mm because the analytical model is derived for L s =2n s τ p , where n s is an integer. As shown in Fig. 2 , however, the force ripples in F y and F x as function of p y are significantly reduced when L s =(2n s +0.5)τ p =4.5τ p =54 mm. In case of F z , the ripple is 1.5% of its mean value. It has been verified that the ripples as function of p x are in same order of magnitude. In Fig. 2 it is also shown that the mean values of F x and F z for L s =54 mm have increased with 12.5%. In the remained of this paper, design 4 with L s =54 mm is analyzed. In this new design, m=12 kg. Fig. 2 . Force profiles as function of py obtained for different stack width. The maximum current is supplied to the q-axis. Fig. 3 shows the motor constant and normal force as function of the current density when linear steel (µ r =5000) and nonlinear steel (M270-35A) is used in the yoke. Again, the current is supplied to the q-axis. Up to 14 A/mm 2 , the motor constants for both types of steel are within 1% of each other. This is current value is 7% higher than the limit of 13.1 A/mm 2 calculated with the MEC presented in Section II D. Due to the relative permeability of the magnet material and the excitation of the three-phase coils, the normal force contains an additional reluctance force which is not modeled in (8) . As shown in Fig. 3 , at 13.1 A/mm 2 it increases the normal force by 4% when compared to the force at zero current. The force and torque profiles are also calculated when the translator is moved over two magnetic pole pitches in the xy-plane with a step size of 1 mm. For a reduced calculation time, these simulations are performed by modeling the individual magnets as infinitely thin nonmeshed coils which have a total current equal to B r h m /µ 0 (µ r =1). In this manner it is possible to move the PM array with respect to Linear Drives for Industry Applications IX the actuator without remeshing the FE-model. Also the three-phase coils are modeled with nonmeshed coils. The torque is calculated on a point located 10 mm below the iron yoke and centered in the xy-plane. The force and torque profiles when no current is supplied to the linear actuator are shown in Fig. 4 . These profiles are the reluctance forces and torques acting between the iron yoke and PM array. All force ripples are smaller than 0.3 N. The average passive normal force, F z,r , of 39.2 N is slightly lower than shown in Fig. 2 . All torque components are small. T x and T y show a dominant variation which depends on p y or p x , respectively, and has a periodicity equal to τ p . The force and torque profiles are also simulated when the maximum current is injected to the coils of the linear actuator. The currents are only commuted in synchronism with the p x . The electromagnetic forces and torques are shown in Fig. 5 and 6 for a d-and q-axis current, respectively. These profiles are obtained by performing simulations with the respective currents and subtracting the profiles of Fig. 4 . As shown in Fig. 5 , the d-axis current mainly produces an electromagnetic force along z with a mean value of 50.5 N and a variation of approximately 2%. Only a small F x and F y is produced and it is presumed that these force components are acting on the end-windings of the coils. In the figure it is also shown that the d-axis current produces a considerable torque about y, while the other two torque components are an order of magnitude lower. Similar to a linear actuator with a conventional PM array, T y dominantly varies as function of p x and has a periodicity equal to τ p . The same variation of T y plus an offset is observed in Fig. 6 . The offset is the result of the thrust force, F x , produced by the q-axis current. In this case, F x has a mean value of 48.2 N and a variation of 2%. Again, all other electromagnetic force and torque components are small as function of the q-axis current. These results show that F x , F z and T y with a linear actuator in combination with a checkerboard magnet array can be controlled in the same way as in a conventional linear actuator [8] Fig. 6 . Electromagnetic force and torque profiles produced by a single linear actuator when the peak current is applied to the q-axis.
DOF control of the ceiling actuator
To magnetically suspend the translator underneath the ceiling and move it over large distances in the xy-plane, its 6 DOF position is controlled using the diagram shown in Fig. 7 . 
DOF FE-model of the ceiling actuator
To estimate the effect of the force and torque ripples on the tracking performance of the controller, a 5 DOF motor model is created based on the 3D FE-results of the single linear actuator. It assumes that the force and torque profiles of the single linear actuator periodically repeat when the actuator is moved over 2τ p in either the x or y direction. As a result, the profiles for each linear actuator fixed to the translator is obtained by appropriately shifting and transforming the profiles of Fig. 4 , 5, and 6. Each translator is shifted away from translator's mass center point as indicated in Fig. 1 . Again, the mass center point is located 10 (mm) below the iron yokes.
The profiles are only obtained as function of p x and p y , while the p z is fixed (p z =h g ). Considering the analytical model, variations of p z are accounted for by scaling the reluctance forces and torques profiles according to In [8] , it has been experimentally shown that using (15) this torque component can be accurately controlled in a conventional linear actuator. The unknown coefficients are obtained from curve fitting (15) on the results obtained from 3D FE simulations. Although it is possible to describe the force and torque ripples more accurately, it will make the model more complex. Using (6), (8) , and (15), the force and torque produced by each linear actuator is obtained by shifting and transforming the model in the same way as described for the 5 DOF FE-model. It has to be mentioned that these models do not consider p z or any of the rotations.
Mechanics and controller Because stiff body dynamics are assumed (all forces and torques are supposed to be acting in the translator's mass center point) and friction is negligible, the linear-time-independent mechanics of the ceiling actuator are modeled as a free moving mass or inertia for each DOF. Due to the low force ripples shown in the FE-results, it is assumed that the decoupling algorithm provides sufficient decoupling of the forces and torques. Consequently, the ceiling actuator can be stabilized using six SISO controllers. For each DOF a lead-lag controller in combination with a high frequency roll-off filter has been designed 
where M is mass or inertia of the corresponding DOF. For the three translator positions, M=12 kg.
Because of the symmetric structure of the translator M=53 g·m 2 for the rotations ψ and θ , while M=97 g·m 2 for the rotation φ . The controller results in a closed-loop bandwidth of 50 Hz and high frequency roll-off at 500 Hz. Acceleration feed-forward is added to improve the tracking performance of the feed-back system. 
DOF simulations
The 6 DOF controller, decoupling algorithm, and 5 DOF FE-model have been implemented in Matlab Simulink. During simulations, the translator follows the same third order motion along x and y. The reference acceleration is shown in Fig. 8 and it corresponds to a stroke of 200 mm, a maximum .75 mm and the reference angles are set to 0 rad. As shown in Fig. 9 , the 6 DOF controller is able to track the position within 1 µm and limit the angle errors to 30 µrad. The maximum current density is 9.64 A/mm 2 , which is below the limit for saturation. The mean losses are estimated at 91 W.
Conclusions
The design and control of a magnetically suspended ceiling actuator with infinite planar stroke has been presented. It combines four iron-cored linear actuators and a checkerboard PM array. For the optimization, an analytical model has been derived which accounts for the flux density inside the iron yoke. The resulting optimized design requires a low magnetic loading to reduce the passive attraction force. Therefore, a PM grade with a low remanence has been selected. It has also been shown that a three-phase, iron-cored linear actuator in combination with a checkerboard PM array only produces considerable force and torque components which are comparable to those produced by a conventional linear actuator. Moreover, the forces and torques in the ceiling actuator can be controlled by applying Park's transformation. The force ripples of the optimized design have been obtained from FE-analysis and it has been shown that these ripples result in position errors of 1 µm and angle errors of 30 µrad when the ceiling actuator is controlled in 6 DOF.
